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Abstract 

 

With the Atmospheric Infrared Sounder (AIRS), we obtained the global 

distributions of CO2 and O3 in the middle to upper troposphere. Our retrieved CO2 agreed 

well with the aircraft measurements from Matsueda et al. (2002) and GLOBALVIEW-

CO2. The AIRS retrieved O3 was validated by the independent ozonesonde measurements 

from the World Ozone and Ultraviolet Radiation Data Centre. The AIRS retrieved CO2 

and O3 were compared with simulations from 2-D and 3-D chemistry-transport models. 

The retrieved CO2 and O3 were used to understand the large-scale coupling between 

stratosphere and troposphere in the polar region, especially the final major stratospheric 

sudden warming (SSW). We investigated the AIRS CO2 and O3 before and after a major 

warming, and found that the retrieved CO2 increases and retrieved O3 decreases in the 

upper troposphere after the major warming. Our results reveal how the chemical tracers 

(CO2 and O3) will response to the large-scale dynamics in the polar region. In addition, 

this result can be used to better constrain the stratosphere-troposphere exchange in the 

current three-dimensional chemistry-transport models. 
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1. Introduction 

 

The polar region has profound significance for climate. The current general 

circulation models (GCMs) do not work well for the large-scale dynamics in the polar 

region, particular for the simulations of exchange between the stratosphere and 

troposphere in that region (Meloen et al. 2003). Therefore, observations are essential for 

understanding the large-scale dynamics and climate changes in the polar region. 

However, the observations at the polar region are limited so that there are many 

unknowns. The global distributions of chemical components retrieved from the 

Atmospheric Infrared Sounder (AIRS) offer a unique opportunity to study the large-scale 

dynamics in the polar region. In this paper, we use the AIRS data to understand the 

coupling between the stratosphere and troposphere. Specifically, we study the response of 

CO2 and O3 to the major final Stratospheric Sudden Warming (SSW), which represents 

an example of strong stratosphere-troposphere coupling.  

 

SSW is an important phenomenon in the winter of stratosphere. Labitzke and 

Naujokat (2000) have classified the stratospheric warmings into four types. It includes 

major midwinter warming in January-February, minor warming, Canadian warming, and 

final warming. During a SSW, the temperature increases and circumpolar winds reverse 

direction. SSW starts from the upper stratosphere. Some SSWs can penetrate into the 

middle stratosphere and culminate in a major warming (Quiroz, 1975; Quiroz et al., 

1975). Other SSWs are restricted to the upper stratosphere, so that their effect to the 

whole stratosphere is small. The latter are called minor warmings. SSWs also display 
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interannual variability, which has been studied by Labitzke (1977). Recently, 

Limpasuvan et al. (2004) examined the composite of 39 major and minor warming events 

using National Center for Climate Prediction (NCEP)/ National Center for Atmospheric 

Research (NCAR) reanalysis data and found that the driving by planetary waves leads to 

the weakening of the stratospheric polar vortex and downward propagation of the positive 

temperature anomalies during the SSW growth phase. On the other hand, the residual 

vertical velocity decreases in the polar region during the SSW decaying phase. Using 

both NCEP/NCAR and ECMWF Reanalysis (EAR-40) datasets, Charlton and Polvani 

(2007a) constructed a comprehensive climatology for the major midwinter warming 

events. They classified SSWs into events that do and do not split the stratospheric polar 

vortex. These two types of events are found to be dynamically distinct. The influence of 

vortex splitting events on middle-stratospheric temperature lasts longer than the vortex 

displacement events. Manney et al. (2005) studied the SSW in the Arctic winter, and 

found that there are unusually warm winters in the past seven Arctic winters compared 

with all events since 1990s. 

 

In this paper, we focus on a major final warming event in the northern hemisphere 

(NH) in April 2003. Final warmings represent the transition from winter to summer. The 

time and intensity of final warmings vary from year to year (Labitzke and Naujokat, 

2000). The major final warming event in April 2003 has a strong and clear coupling 

between the stratosphere and troposphere. We study the influence of this major final 

warming on upper tropospheric tracers, CO2 and O3, which are retrieved from the AIRS 

aboard the NASA EOS-Aqua satellite. 
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2. Data and Models 

2.1. Data 

We use CO2 and O3 data from AIRS Version 5. AIRS is a cross-track scanning 

grating spectrometer with 2378 channels from 3.7 to 15.4 um with a 13.5 km field of 

view at nadir (Aumann et al., 2003). AIRS data include O3, CO2, CO, CH4, H2O, T, and 

other relevant forcing factors such as cloud distribution, cloud opacity, and aerosols 

(Chahine et al., 2006). Since its launch in May 2002, AIRS has demonstrated a stability 

of 10-3 K yr-1 with a spectral accuracy of the center frequency of 2 parts per million 

(Aumann et al., 2004). The AIRS retrieval algorithm employs information from a 

companion microwave sounder, the Advanced Microwave Sounding Unit (AMSU), to 

retrieve in the presence of clouds on a horizontal scale of one AMSU field of view or 

45×45 km at nadir, the equivalent of 3×3 AIRS footprints (Susskind et al., 2003).  

 

We found that the range 690-725 cm-1 is best for selecting the main channel set to 

retrieve the CO2 mixing ratio (Chahine et al., 2005). The mixing ratios of CO2 and O3 are 

retrieved from the radiance data by the Vanish Partial Derivitive Method (VPD) (Chahine 

et al., 2005; Chahine et al., 2008). The retrieved CO2 by VPD method captures the 

correct seasonal cycle compared with those from Matsueda (Chahine et al., 2005). We 

also validated the CO2 retrieval with Intercontinental Chemical Transport Experiment – 

North America (INTEX-NA) (Singh et al., 2002). The precision of the AIRS retrieved 

CO2 is within 1-2 ppmv (~ 0.5%) (Chahine et al., 2008). The maximum of AIRS CO2 

weighting function is between 500 hPa to 300 hPa. The maximal sensitivity for AIRS O3 

is around 300 hPa. To relate the distributions of these tracers to the large-scale dynamics, 



 6 

we use  AIRS retrieved tropopause pressure to differentiate data in the troposphere versus 

the stratosphere. The tropopause location is defined where the lapse rate changes from 

positive (in the troposphere) to negative (in the stratosphere). 

 

 AIRS CO2 retrieval will be compared with independent aircraft measurements from 

Matsueda et al. (2002), GLOBALVIEW-CO2 (GLOBALVIEW-CO2, 2002), and data from 

Dr. Michada (personal communication) in Section 3. Aircraft CO2 from Matsueda et al. 

(2002) are measured biweekly since April 1993 to present. The latitudinal coverage is 

approximately from 35°S to 35°N. The longitudinal coverage is from 135°E to 150°E. 

The CO2 at 8-13 km over the western Pacific from Australia to Japan are measured. We 

also compared model results with GLOBALVIEW-CO2 aircraft measurements at Carr 

(40.9°N, 104.8°W), Estevan Point (49.38°N, 126.55°W), and Poker Flat (65.07°N, 

147.29°W). The aircraft vertical profiles from GLOBALVIEW-CO2 and Dr. Michada 

(personal communication) are convolved with AIRS weighting function from 800 hPa to 

the top of aircraft measurements for a direct comparison with AIRS CO2 retrieval. AIRS 

300 hPa O3 retrieval are validated with the independent ozonesonde data from World 

Ozone and Ultraviolet Radiation Data Centre (WOUDC). The WOUDC ozonesonde data 

are downloaded from ftp://ftp.tor.ec.gc.ca/Archive-NewFormat/OzoneSonde_1.0_1/. The 

ozonesonde climatology data from Logan (1999) are downloaded from 

ftp://ftp.as.harvard.edu/pub/sonde/. 

 

2.1. Model 
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Caltech/JPL 2-D chemistry-and-transport model (CTM), 3-D GEOS-Chem 

(v7.3.3), and 3-D MOZART-2 are used to simulate CO2. The 2-D CTM has 18 latitude 

boxes, equally spaced from pole to pole, and 40 layers, equally spaced in log (p) from the 

surface to the upper boundary at 0.01 mbar. In the 2-D CTM, the transport fields are 

calculated from NCEP Reanalysis 2 (NCEP2). Details are described in our previous study 

(Jiang et al., 2004). The 3-D GEOS–Chem model is driven by the Goddard Earth 

Observing System (GEOS-4) assimilated meteorological data from the NASA Global 

Modeling Assimilation Office (GMAO). The 3-D model has horizontal resolution of 2° 

(latitude) × 2.5° (longitude). There are 30 vertical levels from the surface to about 70 km 

in the model.  The 3-D MOZART-2 model is driven by the meteorological inputs every 6 

hours from the NCEP Reanalysis 1 (Kalnay et al., 1996). Advection in the 3-D 

MOZART-2 model is computed every 20 minutes with a flux-form semi-Lagrangian 

method (Lin and Rood, 1996). The horizontal resolution is 2.8° (latitude) × 2.8° 

(longitude) with 28 vertical levels extending up to approximately 40 km altitude 

(Horowitz et al., 2003).  

 

 The GLOBALVIEW-CO2 mixing ratio data (Tans et al., 1998; GLOBALVIEW-

CO2, 2007) are used in this study as the lower boundary condition for the Caltech/JPL 

CTM, GEOS-Chem, and MOZART-2. Since the GLOBALVIEW-CO2 data has a limited 

spatial coverage, especially over ocean, we use the GLOBALVIEW-CO2 to rescale 

model simulated CO2 mixing ratios at the surface (Jiang et al., 2008) as a way to 

constrain the model lower boundary conditions. In a separate simulation using GEOS-

Chem, we use prescribed CO2 sources and sinks as the lower boundary condition, as 
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described in Suntharalingam et al. (2004). 

 Exchange of CO2 between the terrestrial biosphere and the atmosphere is based on the 

net primary productivity and respiration fluxes from the Carnegie-Ames-Stanford 

(CASA) ecosystem model (Randerson et al., 1997). Air-to-sea exchange of CO2 is from 

Takahashi et al. (1997). Estimates of fossil fuel emissions are from Marland et al. (2007). 

Monthly mean biomass burning emissions of CO2 are derived on the basis of Duncan et 

al. (2003). Since there is an unbalanced CO2 budget associated with the prescribed source 

and sink boundary conditions (Suntharalingam et al., 2003; Suntharalingam et al., 2004), 

we rescale the initial global distribution of CO2 mixing ratio at the beginning of each year 

with the GLOBALVIEW-CO2. As a result, the problem of the unbalanced CO2 budget is 

mitigated (Jiang et al., 2008). 

 

The 2-D Caltech/JPL CTM used to simulate the O3 is described in Jiang et al. 

(2004). The model includes all the gas phase chemistry in the NASA recommendations 

for stratospheric modeling (Sander et al., 2006). There is no heterogeneous chemistry. 

The transports are the same as that for the CO2 2-D model simulation. The O3 simulation 

from the 3-D GEOS-Chem is a full chemistry simulation with version 7-04-10 driven by 

the GEOS-4 meteorology fields (Bey et al., 2001). The CO2 and O3 simulations from the 

above three models will be compared with the AIRS retrieved CO2 and O3 in Section 3.  

 

3. Results and Discussions 

3.1. Comparison of AIRS CO2 and O3 with Models and in-situ Measurements 
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 In this section, we will compare the monthly mean AIRS CO2 and O3 in April 2003 

with models and in-situ measurements. The latitudinal distribution of the zonal mean 

AIRS CO2 (black line) in April 2003 is shown in Fig. 1, along with comparisons to 

independent CO2 aircraft measurements and simulations from different models. Standard 

deviation of CO2 data is plotted as pink error bars. Grey line is the count of clusters 

within each zonal strip. Red dots are the Matsueda data from 8 to 13 km. Green and blue 

dots are the weighted aircraft data from GLOBALVIEW CO2 and from Michada. The 

aircraft vertical profiles are convolved with the AIRS weighting function from 800 hPa to 

the top of measurements. Purple is the CO2 simulation from 2D Caltech/JPL CTM. Green 

and Yellow lines are the CO2 simulations from GEOS-Chem driven by the 

GLOBALVIEW-CO2 and source/sink flux boundary conditions, respectively. Blue line is 

the CO2 simulation from MOZART-2 model. All model CO2 vertical profiles are 

convolved with the AIRS weighting function. AIRS retrieved CO2 agrees very well with 

aircraft data (color dots) in the tropics and mid-latitude. AIRS CO2 also captures the 

correct latitudinal and inter-hemispheric gradients in comparison with the aircraft data.  

Both observations and models show that there is more CO2 in the NH than in the SH, due 

to larger surface sources in the NH. All models underestimate the CO2 in the high 

latitudes for both hemispheres, possibly indicating that the exchanges between 

stratosphere and troposphere in these models are too fast in the high latitudes for this 

month.  

 

AIRS retrieved O3 (black line) at 300 hPa is plotted against the ozonesonde data (blue 

dots), and model simulations in Fig. 2. Purple line is O3 simulation from Caltech/JPL 2D 
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CTM. Green line is O3 simulation from 3-D GEOS-Chem model. Red line is ozonesonde 

climatology from Logan (1999). The latitudinal distribution of AIRS retrieved O3 is 

consistent with the ozonesonde data (blue dots) and model simulations in most latitudes 

in April 2003. The GEOS-Chem 300 hPa O3 is relatively low in the high latitudes in 

April 2003, which may be due to an underestimate of downward O3 flux from the 

stratosphere at those latitudes in the model. 

 

3.2. Influence of Major Warming on Tracers 

We choose a major stratospheric warming event to study its influence on tracer 

temporal variation. Stratospheric warmings have important influence on the exchange 

between the stratosphere and troposphere. During the stratospheric warming events, polar 

stratospheric temperature rise and circumpolar flow reverse direction in a few days. After 

the events, the vortex will gradually fade away with a shrinking spatial coverage. 

Therefore, a critical point in our discussion is to track the vortex strength during 

stratospheric warming events. To represent the vortex strength, we calculate the first 

principal component (PC1) of the daily time series from the NCEP2 geopotential height 

(GPH). First, we apply principal component analysis (PCA) method (Richman, 1986; 

Preisendorfer, 1988; Thompson and Wallace, 2000; Jiang et al., 2008) to the 

deseasonalized and weighted monthly mean GPH from 20ºN to 90ºN from 2000 to 2007. 

Seasonal cycles for each time series are removed; cycles are determined by taking 

averages for each month independently. The details for the PCA decomposition of the 

scaled, deseasonalized GPH anomaly,
A

! , can be represented as: 

!="
i

iiA etpt ),()(),,( #$#$ ,    (1) 
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where t is time, θ is longitude, ϕ is longitude, pi is ith PC, ei is the ith EOF, and the 

summation is over all the eigenfunctions with eigenvalues arranged in descending order. 

In order to recover the spatial patterns for the original (unscaled) GPH anomaly, we 

perform a multiple linear regression for each grid point ),( !" , using as predictors the PC 

time series, pi(t). The resulting linear regression coefficients, Ci(θ,ϕ), are the spatial 

patterns of the GPH variability associated with the ith PC time series, pi(t). Finally, we 

regress the first four dominant spatial patterns, Ci(θ,ϕ), on the daily GPH to obtain the 

daily PC1 timeseries.  

 

We apply the same method for the data at 17 pressure levels from 1000 to 10 hPa. 

The spatial patterns for the first modes at 500 hPa, 100 hPa, and 30 hPa are shown in 

Figs. 3a-3c. The first modes at 500 hPa, 100 hPa, and 30 hPa capture 14.7%, 35.2%, and 

54.3% of the total variance, respectively. The values for the first modes are negative 

(positive) in the polar region (low latitudes). The daily PC1 is plotted in Fig. 3d as a 

function of altitude. Positive value for PC1 represents a strong polar vortex, while 

negative value for PC1 represents a weak polar vortex. PC1 switches sign around Apr 15, 

2003 in the stratosphere. Polar vortex will shrink and be destroyed after Apr 15, 2003, 

which is the same date when the circum-polar 10 hPa wind reversed direction and the 

major final warming happened (Chahine et al., 2008). After the SSW event, there will be 

less downwelling in the polar region. It has important impact on the tracers.  

 

An illustration of how the major final warming influences tracer is shown in Fig. 4. 

As shown in Fig. 4a, CO2 concentration in the troposphere is low inside the vortex due to 
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the mixing of stratospheric CO2–poor air into the troposphere. Since O3 concentration is 

high in the stratosphere, O3 concentration in the troposphere is high inside polar vortex. 

The shrinking of vortex area after the major final warming leads to the transport of mid-

latitude CO2–rich air into the polar region. Meanwhile, mid-latitude air with relatively 

low concentrations of O3 is transported into the polar region. As a result, the polar CO2 

should increase while  O3 should decrease after the major final warming in the horizontal 

direction. In the vertical direction, there will be less downwelling after the major final 

warming event. Since the source for CO2 is at the surface, there is more CO2 in the 

troposphere than that in the stratosphere as illustrated in Fig. 4b. There is more O3 in the 

stratosphere than that in the troposphere, since O3 is created in the tropical stratosphere 

and transported to the polar stratosphere. Less downwelling will lead to weaker mixing 

between troposphere and stratosphere. Therefore, a decrease in O3 and an increase in CO2 

will be expected as a result of the weaker mixing in the vertical direction. 

 

Our global distribution of CO2 and O3 from AIRS offer a unique opportunity to 

investigate the influence of stratospheric warming on tracers in the upper troposphere. 

We also study the dynamical variable, tropopause pressure, during the same time period. 

The spatial patterns of AIRS CO2, O3, and tropopause pressure in the first and last ten 

days of April 2003 are plotted in Fig. 5. The black contours in Fig. 5 are the 500 hPa 

NCEP2 GPH. Figure 5 shows that the mid-latitude CO2 is transported to the high 

latitudes after the major final warming event, while the mid-latitude O3 is transported to 

the high latitudes after this event. The polar AIRS CO2 increases and polar AIRS O3 

decreases after the major final warming. The tropopause pressure decreases and 
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tropopause height increases after the major final warming, which is a result of vortex 

weakening. Tracers in the troposphere will have less influence from stratosphere after the 

tropopause height increases. In the GEOS-Chem simulation, there is some enhancement 

of CO2 and decrease of O3 after the major final warming. However, the magnitude is 

much smaller. Some studies already show that most of GCMs have less stratospheric 

warming events compared with observation (Charlton and Polvani, 2007b). It might be 

related to a lack of meridional heat flux in the lower stratosphere. In addition, the vertical 

motion is a challenge for model to simulate it correctly. 

 

In summary, we have obtained the global distribution of CO2 on a weekly basis for 

the first time. The quality of AIRS retrieved CO2 and O3 in the upper troposphere is very 

good even in the high latitudes. After the stratospheric major final warming, the retrieved 

CO2 increases and retrieved O3 decrease in the upper troposphere. This is consistent with 

the influence of vortex area shrinking and less downwelling in the polar region. It is still 

a challenge to simulate the influence of stratospheric sudden warming on tracers using 

the current chemistry-transport model. We hope to use the AIRS CO2 and O3 to better 

constrain the stratosphere-troposphere exchange in the models in the future. 
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Figure Captions: 

 

Figure 1: Comparison between AIRS Version 5 retrieved CO2 with aircraft measurements 

and model simulations in April 2003. Black line: AIRS zonal mean CO2. Pink error bars: 

standard deviation of AIRS CO2. Red dots: Matsueda’s aircraft data. Green dots: 

GLOBALVIEW-CO2 aircraft data. Blue dots: aircraft CO2 from Michada. Grey line: 

count of clusters within each zonal strip. The CO2 mixing ratios from the GEOS-Chem 

model (GLOBALVIEW-CO2 and source/sink boundary conditions) are shown by the 

green and orange lines, respectively. The CO2 mixing ratios from the Caltech-JPL 2-D 

CTM and MOZART-2 are shown by purple and blue lines, respectively. 

 

Figure 2: Comparison between AIRS Version 5 retrieved O3 with ozonesonde and model 

simulations in April 2003. Black line: AIRS zonal mean O3. Pink error bars: standard 

deviation of O3. Blue dots: ozonesonde. Grey line: count of clusters within each zonal 

strip. Red line: ozonesonde climatology from Logan (1999). O3 mixing ratios simulated 

by 2-D CTM and 3-D GEOS-Chem are shown as purple and green lines, respectively.  

 

Figure 3: Spatial pattern of the first modes at (a) 500 hPa, (b) 100 hPa, and (c) 30 hPa. 

Units for the first modes are in meter. (d) Daily PC1 of NCEP2 geopotential height as a 

function of altitude.  

 

Figure 4: Illustration of the influence of major final warming on CO2 and O3 in the upper 

troposphere. (a) Horizontal direction, (b) Vertical direction. 
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Figure 5: (a) Stereographic map of AIRS CO2 during April 1 to April 10 in 2003. (b) 

Same as (a) for April 21 to April 30 in 2003. (c) Same as (a) for AIRS O3. (d) Same as (b) 

for AIRS O3. (e) Same as (a) for AIRS tropopause pressure. (f) Same as (b) for AIRS 

tropopause pressure. 
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Figure 1: Comparison between AIRS Version 5 retrieved CO2 with aircraft measurements 

and model simulations in April 2003.   
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Figure 2: Comparison between AIRS Version 5 retrieved O3 with ozonesonde and model 

simulations in April 2003. 
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Figure 3: Spatial pattern of the first modes at (a) 500 hPa, (b) 100 hPa, and (c) 30 hPa. 

Units for the first modes are in meter. (d) Daily PC1 of NCEP2 geopotential height as a 

function of altitude.  
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Figure 4: Illustration of the influence of MAJOR FINAL WARMING on CO2 and O3 in 

the upper troposphere. (a) Horizontal direction, (b) Vertical direction. 
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Figure 5: (a) Stereographic map of AIRS CO2 during April 1 to April 10 in 2003. (b) 

Same as (a) for April 21 to April 30 in 2003. (c) Same as (a) for AIRS O3. (d) Same as (b) 

for AIRS O3. (e) Same as (a) for AIRS tropopause pressure. (f) Same as (b) for AIRS 

tropopause pressure. 

 
 


